1 How animals evolved from their single-celled ancestors over 600 million years ago is 2 poorly understood. Comparisons of genomes from animals and their closest relatives -3 choanoflagellates, filastereans and ichthyosporeans -have recently revealed the genomic 4 landscape of animal origins. However, the cell and developmental biology of the first animals have 5 been less well examined. Using principles from evolutionary cell biology, we reason that the last 6 common ancestor of animals and choanoflagellates (the 'Urchoanozoan') used a collar complex -7 a flagellum surrounded by a microvillar collar -to capture bacterial prey. The origin of animal 8 multicellularity likely occurred through the modification of pre-existing mechanisms for 9 extracellular matrix synthesis and regulation of cytokinesis. The progenitors of animals likely 10 developed clonally through serial division of flagellated cells, giving rise to sheets of cells that 11 folded into spheres by a morphogenetic process comparable to that seen in modern 12 choanoflagellate rosettes and calcareous sponge embryos. Finally, we infer that cell differentiation 13 evolved in the animal stem-lineage by a combination of three mechanisms: division of labor from 14 ancient plurifunctional cell types, conversion of temporally segregated phenotypes into spatially 15 segregated cell types, and functional innovation. 16 17 18
Introduction 20 Every aspect of animal life -from morphology to physiology and behavior -requires the 21 cooperation of thousands to billions of cells. This multicellular state is established in each 22 generation by serial divisions of a single cell, the zygote. Under joint control by the genome and 23 the environment, daughter cells produced by these divisions change shape, migrate, and selectively 24 attach or detach to give rise to the adult body form through a process known as morphogenesis. In 25 parallel, a process of cell differentiation under fine spatiotemporal control delineates the division 26 of labor between each of the final cell types. The correct execution of this cellular choreography, 27 repeated anew in every generation, is fundamental to the life of every animal on the planet. 28 Yet, this type of complex development did not always exist. The discontinuous 29 phylogenetic distribution of multicellularity and fundamental differences in cellular mechanisms 30 argue that multicellularity evolved independently in at least 16 different eukaryotic lineages, 31 including in animals, plants, and fungi (Gould 1996; Bonner 1998; King 2004; Rokas 2008; Knoll 32 2011). Thus, the mechanisms underpinning animal multicellularity and spatially controlled cell 33 differentiation were likely elaborated in the stem lineage of animals, building upon pathways 34 present in their single-celled ancestors (Richter and King 2013) . 35 Despite the centrality of multicellularity and cell differentiation to animal biology, their 36 origins are relatively poorly understood. What did the single-celled ancestors of animals look like? 37 How and when did multicellularity and cell differentiation evolve, and in what ecological context? 38 What were the underlying molecular mechanisms? Did features of the single-celled progenitors of 39 animals facilitate the early evolution of multicellularity? Conversely, did this single-celled 40 ancestry exert constraints upon the form and function assumed by early animal ancestors? 41 4 While the gene complements of animal ancestors have been discussed in depth elsewhere 42 and will not be the focus of this review (see e.g. (King 2004 implemented by these ancestral genomes, however, have been less thoroughly explored (Nielsen 54 2008; Richter and King 2013; Arendt et al. 2015; Cavalier-Smith 2017) . In this review, we will 55 consider how the evolution of cellular phenotype shaped the origin of animals. 56 Although the first animals evolved over 600 million years ago, meaningful insights into 57 their origin may be gained through the comparison of extant lineages. This approach has revealed 58 a number of features that were likely present in the last common ancestor of animals, the 59 "Urmetazoan" (Figure 1 ). For example, nearly all extant animals have obligate multicellularity 60 (see (Metzger et al. 2015; Chang et al. 2015) for exceptions in some parasitic forms) with adult 61 stages typically displaying a specialized morphology and at least five morphologically 62 distinguishable cell types (Valentine 2006; Smith et al. 2014 ). This suggests that the Urmetazoan 63 evolved from a lineage with a long prior history of obligate multicellularity (Nielsen 2008 ; Richter 64 5 and King 2013; Budd and Jensen 2017) . Likewise, multicellularity in animals is invariably the 65 result of a complex embryogenesis initiated by sperm/egg fusion, followed by serial rounds of cell 66 divisions (cleavage). This suggests the same was true of the first animals. Finally, in every major 67 animal lineage from sponges and ctenophores to bilaterians, the cells of the future feeding cavity 68 move inside the embryo, morphogenesis establishes the adult body shape, and cell differentiation 69 takes place ( Nielsen 2012) . A form of this elaborate developmental process presumably already existed 71 in the Urmetazoan. Rather than evolving in one step in a single-celled ancestor, it more plausibly 72 resulted from a long and gradual evolution. Therefore, to more fully reconstruct the origin of 73 animal development, we must extend our comparisons beyond animals to include their closest 74 living relatives. 75 The sister-group of animals has unambiguously been shown to be the choanoflagellates (Leadbeater 2014) . The beating of the flagellum generates forces that can both propel the cell 81 through the water column and produce a flow that allows the choanoflagellate to collect bacterial 82 prey on the outer surface of the microvillar collar. The morphological similarity between 83 choanoflagellates and certain animal cells, particularly sponge choanocytes, was evident even to 84 the first choanoflagellate observers (James-Clark 1867) and inspired the hypothesis of a close 85 relationship between choanoflagellates and animals. This hypothesis, first proposed in the 19 th 86 century on morphological grounds, remained otherwise untested for more than a century, as both 87 6 the affinities of choanoflagellates to sponges and of sponges to other animals were the subject of 88 a variety of alternative hypotheses (see historical summary in (Leadbeater 2014) ). The issue was 89 only settled with the application of comparative genomics and molecular phylogenetics, which 90 provided conclusive evidence both that sponges belong to the animal kingdom (Wainright et al. We define Choanozoa as the clade containing the most recent common ancestor of animals (represented by Homo sapiens Linnaeus 1758) and choanoflagellates (represented by Monosiga brevicollis Ruinen 1938), along with all of its descendants. The Greek root "choanē" (or funnel) refers to the collar, which in the current state of knowledge is a synapomorphy of the clade. Although "Choanozoa" was used previously to refer to an assemblage of protists (Cavalier-Smith, 1991) that later proved paraphyletic (Shalchian-Tabrizi et al., 2008); this usage was not adopted and the name is more appropriately applied as defined here. The informal term "choanimal" (Fairclough et al., 2013) and the formal term Apoikozoa (Budd and Jensen, 2017) have both been previously proposed for the clade containing choanoflagellates and animals, but neither has been formally described nor fully adopted. In particular, the term "Apoikozoa" is less fitting, as the root "apoiko-" refers to colony formation, which is neither universally present in choanozoans, nor exclusive to them.
I.
Choanoflagellates reveal the cellular foundations of animal origins This further supports the notion that the collar is a choanozoan synapomorphy 1 . 125 Besides its conserved ultrastructure, the stem choanozoan ancestry of the collar complex Pteridomonas, the flagellum is surrounded by a double ring of tentacles which are supported by microtubule triads rather than actin microfilaments, and are thus not microvilli (Larsen 1985; Patterson and Fenchel 1985) . Finally, the golden alga Chrysosphaerella multispina (Bradley 1964 ) has a superficially collar cell-like appearance, with a flagellum flanked by two spines of acellular silicate (Kristiansen 1969 ) instead of microvilli. What molecular mechanisms first supported the evolution of animal multicellularity? 273 This problem cannot be studied solely in animals, as there is no known animal mutant where 274 cleavage of the zygote would directly produce separate free-living cells rather than an embryo, 275 thus reverting to unicellularity. To answer this question, it is therefore necessary to study 276 phylogenetically relevant groups with facultative multicellularity. Thus far, a dozen genes have 277 been found to be either necessary or sufficient for multicellularity in the four groups investigated: 278 green algae, fungi, slime molds and choanoflagellates 5 . All known multicellularity genes encode 279 proteins that belong to one of two major functional categories: extracellular matrix (ECM) proteins 280 and, in the case of clonal multicellularity, cytokinesis regulators (Table 1) , we use the general term "crawling cells" to refer globally to these cells regardless of the precise underlying mechanism. 7 Notably, no deformable crawling phase is known in extant choanoflagellates (despite one early unconfirmed report (Saville-Kent 1880)), suggesting they might have lost it -or that it does not occur under standard laboratory conditions. Choanoflagellates do show the ability to crawl on solid substrates by dynamic extension and retraction of adhesive filopodia prior to settlement, but without apparent deformations of the cell body outside filopodia ( Figure  5B ) (Dayel et al. 2011) .
II.1. Independent origins of aggregative multicellularity

22
How could one test the homology between animal and single-celled holozoan cell types? 408 In the past few years, the comparison of transcriptomes has emerged as a promising approach to 409 investigate cell type homology (Arendt 2005 (Arendt , 2008 Supplementary Table 1 for details and references) are mapped onto a eukaryotic phylogeny. 542 The collar complex is inferred to have been present in the Urchoanozoan, and to be a choanozoan The split between the FoxJ1 clade and the FoxJ2/3 clades is inferred to have preceded 622 choanozoans, in accordance with previous reports (Larroux et al. 2008 Figure 6 
